The mechanism of Cl -exit was examined in the basolateral membrane of rabbit renal proximal tubule S3 segment with double-barreled, ion-selective microelectrodes. After the basolateral Cl-/HCO3 exchanger was blocked by 2'-disulfonic acid, a bath K+ step from 5 to 20 mM induced 26.6 mV depolarization and 7.7 mM increase in intracellular Cl-activities . K+ channel blockers, Ba2+, and quinine strongly suppressed both the response in cell membrane potentials (V b) and in (Cl-)i to the bath K+ step, while Cl-channel blockers, A9C (1 mM) and IAA-94 (0.3 mM) inhibited only the latter response by 49 and 74%, respectively. By contrast, an inhibitor of K+-Cl-cotransporter, H74, had no effect on the increase in (Cl-); to the bath K+ step. Furosemide and the removal of bath Na+ were also ineffective, suggesting that (Cl-); are sensitive to the cell potential changes. Bath Cl-removal in the presence of quinine induced a depolarization of more than 10 mV and a decrease in (Cl-)j, and IAA-94 inhibited these responses similarly in the bath K+ step experiments. These results indicate that a significant Cl-conductance exists in the basolateral membrane of this segment and functions as a Cl-exit mechanism. (J. Clin. Invest. 1993. 92:1229-1235
Introduction
Reabsorption of NaCl along the renal proximal tubules is considered to be mediated by both paracellular and transcellular routes ( 1, 2) . The mechanism of transcellular Na+ transport has been well characterized, including apical Na+/H+ exchanger and basolateral Na+-dependent transporters (3) . By contrast, the cellular mechanism of Cl-transport is poorly understood. Since a Cl-conductance in the basolateral membrane ofthe proximal tubules is reported to be negligibly small (4, 5) , an electroneutral process has been proposed as a Clexit mechanism (6) (7) (8) . In this regard some investigators have concluded that K + -Cl -cotransporter exists in the basolateral membrane ofrabbit proximal tubule S2 segment (9, 10) . Their conclusion was mainly based on the observations that intracel-lular Cl-activities ( [C1-]ij)' did not change in response to the current application from luminal perfusion pipette, but did change upon the stepwise alterations in bath K+ concentrations. However in the absence of precise knowledge about the mechanism of apical Cl -transport, it would be difficult to interpret the data obtained by the current injection from lumen. Moreover the overall cell responses in the S2 segment could be also complicated by the coexistence of several transporters such as electrogenic Na+-HCO cotransporter or Na+-dependent and Na+-independent Cl-/HCOQ exchanger (3, 11l-13) .
Recent electrophysiological studies have revealed axial heterogeneity in the mechanism for bicarbonate reabsorption along the proximal tubules; in particular the rabbit proximal tubule S3 segment has been shown not to contain the Na+-HCO cotransporter ( 14) . Instead the Na+ -independent Cl-/ HCO; exchanger functions as only one major HCO3 transporter in the basolateral membrane of this segment ( 15, 16) . The transport system of this segment thus clarified would be more preferable when a missing mechanism ofCl-exit were to be examined. This prompted us to reinvestigate the mechanism of basolateral C1-transport in the rabbit proximal tubule S3 segment, care being taken to avoid the influence of luminal process by analyzing the nonperfused, luminally collapsed tubules.
Methods
The experiments were performed on isolated tubules from female New Zealand white rabbits ( 1.5-2.5 kg body wt) as previously described ( 13, 16) . In brief, thin sections of kidney were obtained after killing the animals and were stored in ice-cold Ringer's solution. S3 segments of both superficial and juxtamedullary nephrons were identified from their transition to the thin descending limb of Henle's loop. Tubule fragments within 1 mm length from this transition were dissected and transferred to the perfusion chamber mounted on an inverted microscope (IMT-2; Olympus, Tokyo, Japan). To avoid the influence from the luminal process, we analyzed only the nonperfused, luminally collapsed tubules, as described in a previous study ( 17) , and they were perfused only peritubularly at a rate of -10 ml/min with prewarmed (38°C) experimental solutions. The compositions of these solutions are listed in Table I , and fluid exchanges were completed within 1 s by using a rotary valve as reported previously ( 14, 16) .
Cell membrane potentials (Vb) and (Cl-)i or cell pH (pHi) were measured with double-barreled ion-selective microelectrodes using a dual-channel electrometer (Duo 773; WPI, Sarasota, FL). To minimize the generation ofliquid-junction potentials, an open-tip reference electrode filled with saturated KCl solution contacted the chamber solution to form a flowing-boundary junction. In this reference system 1. Abbreviations used in this paper: A9C, anthracene-9-carboxylate; (Cl-)i, intracellular Cl-activities; DIDS, 4,4'-diisothiocyanostilbene-2, 2'-disulfonic acid; DPC, diphenylamine-2-carboxylate; IAA-94, indanyl-oxyacetic acid 94; NPPB, 5-nitro-2-(3-phenylpropyl-amino)-benzoate; pH,, cell pH; Vb, cell membrane potentials. Ba2+ was added to these solutions, H2PO and S02-were replaced by Cl-. The pH of all the solutions was adjusted to 7.4 by bubbling with 5% C0J95% 02 gas.
the changes in the liquid-junction potentials upon bath fluid changes were virtually negligible, and no correction was made for the measured cell potentials. Ion-selective, double-barreled microelectrodeswere constructed as previously described ( 14, 18) , using the ionophore cocktail 24902 for the Cl-electrodes and 95297 for the pH electrodes, respectively (Fluka, Neu-Ulm, Germany). Average slopes and resistances of the electrodes were 54.0±0.5 mV and 1.8±0.2 X 10" Q for the Clelectrodes (n = 37), and 58.9±0.7 mV and 4.8±0.7 x 10'0 Q for the pH electrodes (n = 5). The calculation of (Cl-)i was based on the same principles as in the previous studies ( 15, 18 
Results
Effect ofbath K+ step on Vb and (Cl-), in absence andpresence ofDIDS. Since (Cl-) were reported to be sensitive to the alterations ofbath K+ concentrations in the S2 segment (9, 10), we first examined the effect of bath K+ step (from 5 to 20 mM, Table I ). The tubule was incubated with DIDS for about 15 min.
solutions A and B) on Vb and (Cl-)i in the luminally collapsed tubules from rabbit proximal S3 segment. As shown in Fig. 1 , this K+ step induced a sudden depolarization and a gradual increase in (Cl-)j. To exclude a latent influence ofthe basolateral Cl-/HCO; exchanger, we repeated the bath K+ step before and after the addition of DIDS. As can be seen in Fig. 1 and summarized in A(CL-)i (n = 1 1, P < 0.05), respectively. Fig. 2 shows that the activity ofC1/HCO exchanger was almost completely inhibited by DIDS as previously reported (19) . Approximately 15 min after the addition of DIDS, the pHi response to bath Clremoval was reduced from +0.38±0.02 to +0.03±0.01 U (n = 5, P < 0.01 ). Of note is that DIDS virtually did not change the steady-state pHi (7.17 vs. 7.18; n = 5, P < 0.10). These results suggest that the cell responses to bath K+ step are independent of the Cl/HCO-exchanger. The reasons for the hyperpolarization or the decrease in (Cl-)i after DIDS were not apparent by this time (see Discussion), but the inhibition of this exchanger might be advantageous in that one could investigate the mechanism ofCl-exit without the influence ofother transporters. Therefore all the subsequent experiments were performed in the tubules incubated with DIDS for at least 1O min after the successful cell impalement. nel blockers are shown in Fig. 4 and Fig. 5 , indicating that much higher concentrations were required in this segment compared with the previous reports in other tissues (20, 21 ) . Of the other Cl-channel blockers that could be examined, neither NPPB (10 ItM) nor DPC (0.1 mM)
had any effect on the cell responses to bath K+ step (data not shown). These observations are in agreement with the existence of parallel K+ and Cl-conductances.
To test the second possibility, H74, a recently discovered specific inhibitor of K+-Cl-cotransporter, was used. As shown in Fig. 6 , 0.1 mM H74, which has been shown to inhibit the K+-Cl-cotransport in human red blood cells by more than 50% (22) , had no effect on the cell responses to bath K+ step. The average responses from three tubules were: +27.9±0. Details as in Table II Electrogenicity of the cell responses to bath Cl-removal. The preceding results strongly suggest the operation of parallel K+ and Cl-conductances as the mechanism of cell responses to bath K+ step. The existence of Cl-conductance should, in turn, induce a significant depolarization in response to bath Cl-removal. However if the size of Cl-conductance is relatively small, it would be difficult to detect the depolarization because the large basolateral K+ conductance would mask the small Cl -current. The latter prediction was the case as shown in Fig. 9 , where the bath Cl-removal induced the significant d&'polarization only in the presence ofquinine. In this series 0.8 mM quinine was used, which inhibited the Vb response to bath K+ step by more than 90% (data not shown). Since the prolonged blockade of K+ conductance could increase the cell Ba2+ has been suggested to have other effects such as an inhibition of K+-Cl-cotransporter (25) . However since quinine, another structurally unrelated K+ channel blocker (24, 26) , had similar effects as Ba2 , we conclude that the (Cl-), response to bath K+ step can be attributed to the cell potential changes.
The inhibition ofthe (ClP-)i response to bath K+ step by CP channel blockers supports the above interpretation that Cl- moves through the conductive pathway across the basolateral membrane. In this segment only IAA-94 at the high concentrations and A9C were effective, whereas DIDS, DPC, or NPPB were ineffective at the concentrations used in the present studies. This kind of relative insensitivity to the blockers is, however, recently reported on the small Cl-channels in HT-29 cells (27, 28) , and may simply imply the diversity ofCl -channels in the epithelial cells (27) (28) (29) (30) .
Regarding the mechanisms other than the Cl-conductance, the observation that H74, the inhibitor of K+-Cl-cotransporter (22) , had no effect on the cell responses to bath K+ step speaks against the possibility of K+-Cl-cotransporter.
Since we do not know much about the property ofthis cotransporter, it would be rather difficult to completely reject the existence of this transporter. However ifthe K+-Cl-cotransporter is electroneutral as previously reported (31 ) , the electrogenic response to bath Cl-removal detected in the presence of quinine also cannot be attributed to the operation of this cotransport. Another possibility of Na+/K+/2CP-cotransporter seems to be even less likely, since furosemide had no effect on the cell responses to bath K+ step, and in addition, the removal of bath Na' did not affect the (Cl-)i response to bath K+ step.
With the Cl-conductance, the electrogenic response was clearly shown when the bath Cl -was removed in the presence of quinine. The failure to detect the significant depolarization in the absence of quinine suggests that this conductance could be relatively small, since the large K+ conductance would tend to shunt the other small currents. The Cl-channel blocker, IAA-94, inhibited not only the depolarization but also the rate (9, 10) . However, the technique of current injection from the luminal side seems to be problematic, as already mentioned in the Introduction. This critique will be justified, especially if both the apical and the basolateral membranes are conductive to Cl-. Indeed the existence of Cl -channel in the apical membrane of proximal tubules has been recently suggested (36, 37) . These considerations as well as our present results have cast the doubt on the operation ofK + -Cl-cotransporter, though it remains to be determined whether a similar Cl-conductance as we found in the S3 segment exists in the other segments of proximal tubules.
Physiological role ofthe Cl-conductance. Our control measurements before the addition of DIDS clearly indicate that the intracellular Cl -concentrations in the proximal tubules are far above the electrochemical equilibrium, confirming the results from previous studies (6, 7, 9, 10, 17) . According to this electrochemical gradient, the Cl -ion should be driven out of the cell through the conductive pathway. The decrease in (Cl-)i after the DIDS addition supports this view, since the Cl-/HCO3 exchanger normally transports Cl -into the cell ( 15 ) . After the inhibition of this exchanger, the cell parameters will come closer to the equilibrium for Cl-. This prediction coincides with the hyperpolarization observed after DIDS. On the other hand, the basolateral K+ channel in the proximal tubules is reported to be voltage sensitive (38) . This may explain the enhanced Vb response to bath K+ step in the presence ofDIDS.
The next important question, how much this basolateral C1-conductance contributes to the overall transcellular NaCI reabsorption, cannot be answered by the present studies. However, this conductance may play a major role in the transcellular Cl-transport provided that a significant Cl-entry step exists in the apical membrane. To determine the exact physiological role ofthis conductance the entire mechanism ofapical Cltransport should be clarified in the future studies.
Another important issue is about the regulatory mechanism of this Cl-conductance. Since we have recently demonstrated that the basolateral Cl JHCO exchanger in this segment is stimulated by cAMP (17) , it might be interesting to examine the role of cAMP. In fact the recent patch-clamp study suggests the existence of cAMP-activated Cl-channel in the basolateral membrane of the Ambystoma proximal tubules (35) .
In summary we have identified the significant Cl-conductance in the basolateral membrane of rabbit proximal tubule S3 segment. This conductance most likely functions as the Clexit mechanism at physiological conditions.
